Abstract-A thin-wall superconducting magnet was developed for the positron spectrometer in the MEG experiment. The magnet is specially designed to provide a gradient magnetic field to achieve good features of the spectrometer such as constant projected bending radius for monochromatic positrons and much quicker sweep of positrons than in the conventional uniform solenoidal field, which allows a stable operation of the spectrometer in a high rate muon beam. A high-strength aluminum-stabilized conductor was developed so as to minimize the thickness of the coil between the target and photon detector. A pair of compensation coils is implemented in the magnet to cancel stray field around the photon detector to be placed closely to the magnet. Design of the magnet and results from the excitation tests to measure performance of the magnet will be presented here.
Development of a Thin-Wall Superconducting
Magnet for the Positron Spectrometer in the MEG Experiment
I. INTRODUCTION
A superconducting solenoidal magnet was developed for the COBRA (COnstant Bending RAdius) positron spectrometer in the MEG experiment, which is planned to search for the lepton flavor violating decay, at Paul Scherrer Institute (PSI) [1] . The magnet is specially designed to provide a gradient magnetic field in order to overcome some problems inevitable in a simple uniform solenoidal field. The gradient field is arranged so that the positrons from the target follow trajectories with constant projected bending radius independent of the emission angle. It allows us to easily define the momentum window of the positrons to be detected. In a simple uniform field positrons emitted close to right angle make many turns and would cause unstable operation of the drift chamber system. In the gradient field distribution, the positrons emitted close to right angle can be swept away much more quickly. The central field is 1.27 T at and slowly decreasing as increases. 
II. MAGNET DESIGN
A cross section of the magnet is shown in Fig. 1 . The magnet consists of a main superconducting magnet and a pair of compensation coils to reduce stray field around the photon detector to be placed close to the main magnet. The compensation coil is a resistive coil. Parameters of the superconducting magnet are listed in Table I . The superconducting magnet consists of five coils with three different radii; one central coil, two gradient coils, and two end coils. The end coil is separated into inner and outer parts with different current densities. The field gradient is arranged by a step-structure in the coil layout and adjusting winding density in each coil.
The superconducting magnet is conductively cooled by two mechanical refrigerators from both ends of the magnet. The refrigerator is a two-stage GM refrigerator (SHI SRDK-408D) with a cooling power of 31 W and 1 W at 40 K first stage and 4.2 K second stage, respectively. Cooling pipe for liquid nitrogen is attached on the end coil for a shorter cooling time and uniform cooling of the coils.
The layer structure in the central coil is illustrated in Fig. 2 . In the central coil the conductor is densely wound edge-wise in four layers inside a 2 mm-thick aluminum support cylinder. Because the superconducting magnet consists of separated coils with different radii, the mechanical support structure of the coils and the thermal conduction scheme between the coils were carefully designed. The energy stored in the coils would be dumped in a narrow region because the cold mass of the magnet is modest. Quench protection heaters are attached to the coils in order to avoid such a local energy dump. Pure aluminum strips with a thickness of 100 are also attached to the surface of the coils along the magnet axis to increase thermal conductivity. Quench-back due to a relatively high external dump resistor (2.8 ) will also contribute to fast propagation of the quench.
Within the acceptance of the photon detector , the thickness of the magnet is reduced down to so that the photons from the target placed at center of the magnet can traverse.
In order to realize this thickness a high-strength aluminumstabilized conductor is used for the superconducting magnet. It allows us to minimize the thickness of the support cylinder of the superconducting magnet. A cross-sectional view of the conductor is shown in stabilizer is mechanically reinforced by means of "micro-alloying" and "cold work hardening" [2] , [3] . Aluminum-stabilizer can be reinforced by adding small amount of metals such as nickel, magnesium, and copper while keeping electrical resistivity as low as possible. Nickel at 5000 ppm is added into the aluminum-stabilizer in the conductor.
The performance of the conductor was measured around 4 K. The overall yield strength was found to be above 220 MPa at 4.2 K. Characteristics of superconductivity were also measured. Fig. 3 shows the measured critical current as a function of the applied magnetic field. Operating current of the magnet is 360 A and peak value of the magnetic field is 1.7 T in the central coil. The load line with the operating point of the magnet is also shown in Fig. 3 . This figure indicates that the performance of the conductor has a safety margin of about 40% compared to the operating condition of the magnet because the operating temperature of the coils was found to be 4.2-4.4 K in the excitation test which will be described in Section III.
A pair of compensation coils are implemented in the magnet in order to cancel stray magnetic field in the vicinity of the photon detector placed close to the magnet. The stray field could degrade the performance of the photon detector because the gain of the photomultiplier tube to be used in the photon detector rapidly drops as the strength of the applied magnetic field increases. The stray field should be reduced down to 50 Gauss level around the photon detector.
The polarity of the operating current for the compensation coil is the same as that for the main superconducting magnet. Magnetic field around the photon detector from the main magnet can be canceled effectively by the compensation coil because the shape of the flux lines produced by the compensation coil is very similar to that produced by the main magnet in the region of the photon detector. Fig. 4 shows the calculated contour plot of the magnetic field produced by the magnet with the compensation coils. It can be seen that the residual field is very small all over the photon detector region.
III. EXCITATION TESTS
Excitation tests were performed to measure the performance of the magnet. The superconducting coils are cooled down mainly by the refrigerators. The liquid nitrogen cooling pipe was sometimes used to shorten the cooling time and to equalize the temperature of the coils because large temperature difference between each coil could cause undesirable thermal stress in the coils. All the coils were cooled down to 4.2-4.4 K in 5 days while keeping the temperature difference below 50 K.
Temperature and stress distribution were measured during the excitation tests by using temperature sensors (Pt, CGR, PtCo) and strain gauges attached to the coils and support cylinders. The origin and propagation of the quench were observed by using voltage taps installed at both ends of each coil and by superconducting quench detectors (SQD's).
A series of excitation runs were performed, gradually increasing coil current. At each current step, a quench test was performed by inducing a quench by switching off the DC breaker of the power supply, firing heater or switching off the refrigerator.
The severest test was the test with a quench at the central coil at the coil current of 360 A. In this test a quench was induced in the central coil by firing a heater. The quench was detected by the quench detector and SQD reacted at after firing the heater . The protection heaters were switched on and the DC power was switched off at and 210 msec, respectively. The SQD's in the other coils reacted at . Fig. 5 shows the resultant voltage change across the voltage taps at both ends of each coil. A maximum voltage rise of 1200 V was observed at the central coil where a quench was induced first. The temperature of the magnet also peaked in the central coil 16 sec after the quench occurred. The maximum temperature was 110 K. Finally, excitation up to 380 A coil current, which is 5.6% higher than the operating current (360 A), was performed. Fig. 6 shows the coil current as a function of time in the excitation. The temperature change of each coil is also shown in this figure. It can be seen that the temperatures of all the coils were kept below 4.5 K during the excitation.
The strains in the central coil and support cylinders where the axial component of the electromagnetic force concentrates were measured with strain gauges in order to verify the mechanical strength of the magnet. Fig. 7 shows change of the strains up to 380 A coil current as a function of square of the coil current which is proportional to the electromagnetic force acting on the magnet. This figure shows a good linear relation between the strain and square of the coil current (electromagnetic force) although slight hysteresis can be seen in some strain gauges. It indicates that mechanical strength of the coils and support structure are sufficient. The magnetic field produced in the bore of the magnet was measured. The field measurement was done at a coil current of 200 A with the compensation coils off. Fig. 8 shows the magnetic field measured along the magnet axis where calculated magnetic field is also shown. It can be seen that the magnetic field in the bore is graded as designed and shows a good agreement with the calculation.
One of the most important feature of the magnet is the cancellation of the stray magnetic field around the photon detector to be placed close to the magnet. Fig. 9 shows the stray magnetic field measured in the vicinity of the region to place photon detector as shown in Fig. 4 . The measurement was done at 50% excitation both for the main magnet and compensation coils. In this figure field strength is normalized for the full operating current for simplicity. The stray field was found to be reduced below 50 Gauss almost all over the photon detector region.
IV. CONCLUSION AND SUMMARY
A thin-wall superconducting magnet was developed for the positron spectrometer in the MEG experiment, which is spe- Fig. 9 . Stray magnetic field measured in the photon detector region in the excitation test. The measurement was done at 50% operating current. The field strength shown in this figure is normalized to the full operating current. The region where the stray field was measured can be seen in Fig. 4. cially designed to provide a gradient field to achieve good features of the spectrometer. In order to minimize the thickness of the magnet, a high-strength aluminum-stabilized conductor was specially developed with micro-alloying and cold work technologies. Performance of the conductor was measured at 4 K. It was found that the overall yield strength of the conductor above 220 MPa at 4 K is achieved and the superconducting performance of the conductor has a safety margin of about 40% compared to the operating point of the magnet.
The magnet was successfully tested up to the coil current of 380 A, which is 5.6% higher than the operating current. The quench tests were done up to 360 A and quench propagation was observed using voltage taps, temperature sensors and SQD's. The mechanical strength of the magnet was also measured using strain gauges. The measured magnetic field in the bore shows a good agreement with the design field. The stray magnetic field in the photon detector region was found to be less than 50 Gauss.
The results from the tests indicate that the magnet has a good performance with a reasonable margin for operation in the positron spectrometer in the MEG experiment.
